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light irradiation enhanced room
temperature NO2 gas sensor using hybrid ZnO/
ZnTe nanorod structures†
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This study focuses on fabricating a hybrid structure consisting of ZnO nanorods and ZnTe nanoparticles for

NO2 gas detection, particularly exploring the impact of light irradiation at room temperature (RT). The

morphology, physical characteristics, and chemical properties of the ZnO/ZnTe hybrid structure are

carefully studied under diverse analytical methods such as X-ray diffraction (XRD), transmission electron

microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and other measurements. The ZnO/ZnTe

composite displayed an improved response toward 500 ppb NO2 under the blue light radiation effect. It

demonstrated higher response (more than 2500%), response time (faster than 3000%), and recovery

time (faster than 1000%) at RT compared with pure ZnO. Hence, blue light irradiation revealed a more

promising sensing performance than UV irradiation's case (200% at sensitivity). The depletion theory, the

oxygen vacancy, the catalytic effect of zinc telluride, and the absorption coefficient modulation of the

gas sensor based on different materials explained the overall performance of the nanohybrid structured

sensor.
1. Introduction

Nitrogen oxide (NO2) is globally listed as one of the most toxic
and hazardous gases, posing a signicant danger to human
health and environmental safety records.1–3 Particularly at low
concentrations (∼1 ppm), NO2 has the potential to harm human
lungs and induce severe respiratory diseases. Hence, there is an
escalating need to develop highly efficient NO2 gas sensors.
Nano-chemo-resistive materials have garnered substantial
attention due to their advantageous nano-level size, simple
fabrication, reasonable cost, and dense structures.4,5
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Semiconducting metal oxides (SMOs), with abundant active
sites on a vast area surface facilitating fast gas reactions and
adsorption processes, are prominently featured as sensing
materials in selected chemo-resistive gas sensors.6–8 Various
strategies have been explored to enhance gas detection,
including elemental precursor doping,9,10 nano heterojunction
formation,11,12 and noble metal addition.13,14 Zinc oxide (ZnO),
a widely researched n-type semiconductor securing a large band
gap of∼3.37 eV, has applications in gas sensors, energy storage,
and optoelectronic devices.1,15–17 ZnO has been proven to have
an impact on enhancing gas sensing properties under the effect
of light irradiation.15,18–22

On the other hand, zinc telluride (ZnTe), a relatively new p-
type semiconductor with a range direct band gap of approxi-
mately 2.1 to 2.6 eV, has demonstrated promising activation
under light effects, improving the charge carrier for surface
reaction and increasing surface reaction thermodynamic.23–25

Adding p-type ZnTe can potentially create the p–n junction,
leading to the depletion region modication.26,27 Additionally,
the visible light irradiation effect has been signicantly intro-
duced as a potential solution to enhance the gas sensing
properties and reduce the response–recovery times of SMO
materials at low temperatures.28–32 However, there is no publi-
cation on the formation of a ZnO/ZnTe p–n heterojunction
under light effects for room temperature (RT) NO2 gas
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra06969b&domain=pdf&date_stamp=2024-12-13
http://orcid.org/0000-0001-7249-5485
http://orcid.org/0000-0002-2662-7077
http://orcid.org/0000-0002-8667-1299
http://orcid.org/0000-0001-7441-0705
http://orcid.org/0000-0002-2863-8036
http://orcid.org/0000-0003-3139-5888
http://orcid.org/0000-0001-8600-1386
http://orcid.org/0000-0002-0295-4030
http://orcid.org/0000-0003-0964-8527
https://doi.org/10.1039/d4ra06969b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06969b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014053


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 3
:0

9:
39

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
detection. Motivated by the potential idea of combining the
heterostructure p–n junction and the lack of relevant studies,
we proposed and successfully fabricated a nanohybrid of p-
ZnTe/n-ZnO nanorods with enhanced gas sensing detection at
RT (25 °C) toward 500 ppb NO2 gas under a blue (460 nm) light
effect. Our studies show higher response, smaller measuring
temperature, smaller irradiated light energy, and smaller gas
concentration in comparison with other recent studies as
shown in the discussion part. The sensor also exhibited shorter
response and recovery time, high selectivity, and stability
toward target gases under light illumination.
2. Experimental section
2.1 Preparation of nanohybrid ZnO/ZnTe

2.1.1. ZnO nanorod synthesis. The fabrication process is
schematically drawn in Fig. 1a and was mentioned before in ref.
26. The chemical reagents of sodium tellurite (Na2TeO3), hexa-
methylenetetramine (HTMA), zinc nitrate (Zn (NO3)2$6H2O),
and sodium borohydride (NaBH4) were provided by Sigma-
Aldrich. The Al2O3 substrates with two patterned Au electrode
lines were purchased from NanoKarbon, which was deposited
Zn thin lm by sputtering. Thus, an oxidation treatment was
pulled out at 500 °C to obtain the ZnO seed layers. The original
solution for forming ZnO nanorod growth was prepared by
stirring 2.4 g of Zn (NO3)2$6H2O in 100 ml of deionized (DI)
water with 1.12 g of HTMA in another 100 ml of DI water. The
resultant formed solution was continuously stirred at RT until
a transparent and clear solution appeared. The Al2O3 substrates
with ZnO seed layers were then submerged into a reaction
autoclave and subjected to hydrothermal reaction at 90 °C for
4 h. The samples collected were inserted into an oxidation
treatment process at 500 °C to remove unwanted amorphous
structures and to validate the crystalline ZnO nanorod.

2.1.2. ZnO/ZnTe nanohybrid synthesis. A small amount
(0.05 g) of Na2TeO3 was put in a beaker consisting of 100 ml of DI
water along with the dissolution of 0.125 g of NaBH4 in another
Fig. 1 (a) Fabrication process of ZnO/ZnTe nanohybrid structures and (b

© 2024 The Author(s). Published by the Royal Society of Chemistry
20 ml of DI water, and both were separately controlled to be
stirred continuously at 300 rpm for 15 min. Different volumes of
NaBH4 solution (0, 1, and 5 ml) were slowly dropped into the
100 ml Na2TeO3 solution to generate solutions with diverse Te
concentrations. The dropping of NaBH4 gradually turned the
Na2TeO3 solution color from transparent to brown and lately to
red. Aer that, the resulting solution was transferred again into
the autoclave, and the above ZnO nanorod substrate was
immersed in the autoclave, followed by the heat treatment
consecutively at 95 °C for 2 h, promoting the ZnTe growth on the
surface of ZnO nanorods. The ZnTe-coated ZnO nanorod struc-
tures derived from solutions with distinct Te concentrations were
labeled as ZP, ZT1, and ZT5, corresponding to pristine ZnO, 1, and
5 ml dropped NaBH4 solutions. The obtained samples underwent
multiple rinses with DI water, were dried at 80 °C, and nally
received Ar calcination at 350 °C. Consequently, a successful p-
ZnTe/n-ZnO hybrid nanorod structure was collected.
2.2 Materials characterizations

The eld-emission scanning electron microscopy (FE-SEM) was
used to investigate the surface characteristics of the produced
nanohybrid. The energy dispersive spectroscopy (EDS) equip-
ped with SEM was deployed to examine the elemental distri-
bution. High-resolution transmission electron microscopy (HR-
TEM) was employed to analyze the structural properties of the
sensing materials. X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), and Raman spectrometry assessed the
nanohybrid's crystalline characterization.
2.3 Gas sensing property measurement system

Gas sensitivity characteristics were evaluated using a source of
pico-ammeter/voltage (Keithley 6487) within a customized
detecting system,33–35 as illustrated in Fig. 1b. The analyte gas,
which in this research is NO2, was released from gas cylinders at
concentrations of 1000 ppm, the diluted environment is
nitrogen. The analyte gas was further diluted in dry air by
) schematic of the gas detection system.

RSC Adv., 2024, 14, 39418–39428 | 39419
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adjusting the analyte gas concentration at a constant dry-air
ow rate of 100 sccm upon introduction into the test
chamber. Dry air was the carrier gas, and a mass-ow controller
controlled the incoming gas ow rate. The conductance and
resistance measurements were conducted by applying a 1 V bias
between the two Au electrodes while introducing dry air (Ra) or
analyte gases (Rg) into the chamber with Ra, Rg was recorded by
the Keithley 6487 system. The gas sensitivity detection of the n-
type doped gas sensor, such as ZnO nanorods, is expressed as S
= Rg/Ra for oxidizing gases like NO2; the detailed response
investigations can be found in our previous research.33,34,36,37 To
investigate the light irradiation effect on the gas detection
behavior, two light-emitting source wavelengths were used: blue
(460 nm) and UV (365 nm), which are Prizmatix UHP-T-DI Blue
LED System at 460 nm and High Power Filtered UV 365 nm
Fiber-Coupled Light Source. The xed power intensity was set at
160 mW cm−2, and the illuminating power of each light source
(P) was calculated by the equation: P = I × 4pr2 with diversied
(r) is the appropriate distance from the LED illumination source
to the sensors through a quartz window outside of the chamber.
The measuring temperature was set at 25 °C. To operate the
humidity measurement, water molecules were pumped through
a bubbler, and the ow ratio was controlled by an MFC. The
relative humidity values were identied by the Testo 635
Temperature and Moisture meter.
3. Results and discussion
3.1 Structure and morphology properties

The XRD patterns for the devices are depicted in Fig. 2a. The
three primary peaks at 34.36°, 47.5°, and 62.8° corresponded to
Fig. 2 (a) XRD pattern of ZP, ZT1, and ZT5. (b) The full width at half max
compared with ZT1, and (d) Te 3d from ZT1 and ZT5.

39420 | RSC Adv., 2024, 14, 39418–39428
the diffractions of hexagonal ZnO (JCPDS card no. 36-1451) at
the signicant (002), (012), and (013) planes, and conrmed the
formation of pure ZnO without other unknown material exis-
tence. With ZT1, the additional peaks were identied at 25.6°,
41.8°, 51.8°, and 60.6°, attributed to the (111), (022), (222), and
(004) planes, which match well with the standard diffraction
database JCPDS no. 15-0746 of cubic ZnTe, respectively. The Te
peak (021) predominates in the ZT5 sample, along withmultiple
other visible Te peaks such as (010), (101), (012), et al. (which
was referred from the JCPDS no. 79-0736), indicating a thicker
Te coating layer in ZT5. Consequently, ZT1 displayed the crea-
tion of ZnTe/ZnO composition (nanohybrid p–n heterojunction)
solely, whereas ZT5 exhibited the formation of ZnO/ZnTe/Te. As
illustrated in Fig. 2b, an in-depth examination of the principal
diffraction peak ZnO (002) indicated an increase in the peak's
FWHMwith the ZnTe formation. This suggests that the creation
of ZnTe via ion exchange adversely affected the crystallinity
property of the covered ZnO nanorods. The deterioration of the
zinc oxide nanorods was further corroborated by the escalating
relative peak intensities for the (010), (011), (110), and (112)
planes of ZnO relative to the (002) peak intensity, as depicted in
Fig. 2a. The sample chemical components were rmly
conrmed through the XPS study, as illustrated in Fig. 2c and d.
In Fig. 2c and a binding energy comparison of Zn 2p for ZP and
ZT1 samples revealed a 0.25 eV negative shi in the ZT1 peak
compared with ZP, which was attributed to the formation of
ZnTe. The ZT1 peak exhibited a deconvolution into two peaks,
which were proposedly identied as signicant peaks of ZnTe
and ZnO. Fig. 2d compared the Te 3d signicant peaks of ZT1
and ZT5 samples, showing distinct Te thickness values. The Te
3d signicant peaks of ZT1 located at 572.91 and 583.31 eV were
imum (FWHM) for three samples. The XPS profiles for (c) Zn 2p of ZP

© 2024 The Author(s). Published by the Royal Society of Chemistry
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assigned correspondingly to Te2− 3d5/2 and Te2− 3d3/2 and
conrm the existence of the ZnTe layer over the ZnO nanorod
structure. Meanwhile, the Te 3d peaks of ZT5 are separated into
two peaks, one originated from ZnTe formation and the
remaining one from Te metal.

Fig. 3a–c represents the scanning electron microscopy (SEM)
images and the cross-section (inset) of all samples. All these
samples appeared to have a hexagonal shape nanorod with
varied roughness ability. The pristine ZnO nanorod (ZP) claims
a hexagonal shape ranging approximately 40 nm. At the same
time, ZT1 and ZT5 exhibited rougher hexagonal surfaces with
an elevated diameter owing to the construction of ZnTe and Te
on the hybrid structures while satisfying the condition of being
a nano-size material. Fig. 3d–i revealed the TEM images and the
elemental mapping of the hybrid structure, reinforcing the
nature of crystallinity and the element distribution in our
nanohybrid structure. It was clear that the rod structure surface
of ZnO was covered with ZnTe formation, indicating non-
uniform ZnO-to-ZnTe conversion. However, the ZnTe cover
layer was approximately 10 nanometers in ZT1. The interplanar
distances corresponded to the ZnTe's (022) lattice plane and
Fig. 3 Plan-view SEM illustration and cross-section images (inset) of (a)
elemental mapping images of ZT1.

© 2024 The Author(s). Published by the Royal Society of Chemistry
ZnO's (002) lattice plane, conrming the ZnTe formation. As
shown in Fig. S1,† TEM analyses of ZT5 revealed the ZnTe layer
and Te, agreeing with the information extracted from XRD and
XPS measurements.

Fig. 4 illustrates the XPS information and characteristics of
the deconvolution O 1s of the core level of the ZP, ZT1, and ZT5
samples under different light irradiation conditions to check
the noticeable difference in chemical characterization between
the samples. The deconvoluted peaks at binding energy 530 eV
and 531 eV corresponded to lattice oxygen (Oi) and oxygen
vacancy (Ov), respectively.20 In the case of pristine ZnO, as
shown in Fig. 4(a–c), the ratio of Ov/Oi remains negligibly
unchanged under dark and blue cases, while under UV light
illumination effect, the ratio of Ov increases which contributed
to the sensing behavior of ZP under UV effect and agreed with
the fact that ZnO only response to UV interaction.25 It is evident
that in the case of ZT1 under blue light irradiation, the Ov/Oi
ratio increases signicantly compared with the pristine ZP
case, which contributes as one of the main proposed principles
of the enhanced sensing behavior of ZT1. Oxygen vacancies can
provide reacted sites for the adsorption of target gas molecules,
ZP, (b) ZT1, and (c) ZT5 samples. (d and e) TEM profiles of ZT1 and (f–i)

RSC Adv., 2024, 14, 39418–39428 | 39421
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Fig. 4 Deconvoluted O 1s XPS core–level spectra of (a–c) ZP; (d–f) ZT1; (g–i) ZT5 under dark, blue, and UV light illumination effect.
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modulate the amount of surface adsorbed oxygen, and alter-
natively, responsible for the gas detection principle.20,38
3.2 Gas response characteristics

Fig. 5a–i shows the changes in sensitivity measured toward
500 ppb NO2 exposure of the labeled sensor devices at different
light irradiation situations (under dark, blue, and UV, respec-
tively) and provides some signicant observations.

Firstly, the light effect enhancement toward samples is
compared with dark conditions. At dark, the response of all 3
samples (ZP, ZT1, and ZT5) shows a slight change in resistance
behaviors under NO2 exposure at RT. Still, with the NO2 off the
line, all the sample curves show an incomplete recovery prop-
erty. This conrms the normal behavior for most of the sensors
when measuring gas at RT conditions, especially toward NO2.
The addition of light irradiation signicantly enhances sensing
39422 | RSC Adv., 2024, 14, 39418–39428
behavior. Secondly, the hybrid structures demonstrate their
superior performance over pristine ZnO. As we can see in Fig. 5b
and c, the response behavior of ZP samples raised from 1.1 to
1.54 and 2.1 under blue and UV, respectively, and the recovery
ability remained negligible at dark. Still, the same negligible
recovery repeated aer the NO2 gas was off under the blue light
effect but became more observable under UV light. However,
the ZT1 and ZT5 reveal more noticeable results: the response of
ZT1 increased from ∼3 under dark to 13 (4 times) and 9 (3
times) under blue and UV, respectively, and secured faster
response time and nearly back to base recovery ability as
delivered in Fig. 5e and f while ZT5 witnesses a slight increase in
response but maintains the improved response time and
recovery time's behavior, which was demonstrated in Fig. 5h
and i. As revealed above, the response of ZP, ZT1, and ZT5 under
the blue light radiation is 1.54, 13, and 3, respectively, when
compared to 2.1, 9.1, and 6.6 of the listed samples under UV
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Response curves to 500 ppb NO2 of (a–c) ZP, (d–f) ZT1, (g–i) ZT5 under dark, blue, and UV irradiation sources.
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light irradiation. This result illustrates that the response of ZT1
under the effect of blue light is better than UV, while ZP and ZT5
still obey the advantageous sensing behavior of UV. Thirdly,
amongst measured hybrid structures (ZT1 and ZT5), when
compared to ZnO/ZnTe/Te sample, the p–n junction ZnO/ZnTe
under blue light irradiation shows the optimum performance
while securing the highest response (Rg/Ra ∼13), top 2 of
response time (∼44 s), and top 1 of recovery time (∼20 min),
which were shown in Fig. 6e and f via logarithmic changes of
the signals.

The pristine ZnO exhibiting low resistance (∼20 kU) under
dark, as shown in Fig. 6d, has relatively massive intrinsic n-type
defects, which cause a thin depletion depth. The cross-section
of the nanorod was accordingly drawn in Fig. 7a, along with
a large region of neutral inside. The depletion depth lately
increased with a small gap while under the incoming NO2

approach, which lately resulted in a low modulation of the
depletion region depth, thus causing poor sensitivity. The
additional light effect leads to the enhanced electron–hole-pairs
© 2024 The Author(s). Published by the Royal Society of Chemistry
(EHPs) in ZP with a slight rise in the sensing signal (Fig. 5b and
c). In this situation, the size of the neutral core increased, but
the depletion depth also increased due to the enhancement of
photo-carriers to the NO2 adsorption rate on the surface, thus
resulting in a slight increase in response and recovery level. In
the opposite direction, the enhanced sensitivity of the ZnO/
ZnTe hybrid structure (ZT1) in the dark is attributed to the
huge reduction of the conduction region in the ZnO nanorod
originating from the formation of the p–n junction. This is
proved by the hundred times increased resistance in the hybrid
(∼80MU under blue and 120 kU under UV, as shown in Fig. 6d).
Such signicant behavior is sketched in Fig. 7a, which is per-
formed by a far reduced area of the depletion region while Rg is
dened as the adsorption rate of target gas molecules on the
sensing material surface, which is also described as the rate of
the supplied electron from the neutral core to the adjacent
surface.35–37 The NO2 adsorption rate can be lower in ZnO/ZnTe
hybrid compared to pristine ZnO, but it is available to
contribute to a greater depletion depth modication due to an
RSC Adv., 2024, 14, 39418–39428 | 39423
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Fig. 6 (a–c) The response curves, (d) the resistance behaviors, the plots of (e) the response time, and (f) the recovery time of ZP, ZT1, and ZT5
toward 500 ppb NO2 exposal at different light irradiation situations.
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initial smaller neutral core value. As a result, a greater ratio of
Rg/Ra leads to an increase in sensing response.

The plots of the response and recovery ability corresponded
to exponential rise and decay behaviors of the response and
Fig. 7 (a) Mechanism scenario of ZP and ZT1 nanohybrid. (b) The energ

39424 | RSC Adv., 2024, 14, 39418–39428
recovery kinetics39 were drawn above in Fig. 6e and f, conrming
the prominence of light irradiation in sensing kinetics. From
the graphs, the pristine ZnO indicates the prolonged response
time and recovery time curve, which was due to the small ratio
y band diagram of ZT1 under blue light irradiation.

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06969b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 3
:0

9:
39

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
of the number of favorable oxygen vacancies and the standard
low dynamic adsorption rate of metal oxide material at room
temperature. While the response time of ZP was huge under
dark, the response time of ZT1 under blue and UV was 41 s and
12 s, and the response time of ZT5 under blue and UV was 89 s
and 79 s, respectively. While the recovery time of ZP was
undenable under dark, the relevant recovery time of ZT1 under
blue and UV is approximately 17 min, and the relevant recovery
time of ZT5 under blue and UV is approximately 28 min.
Generally, the adsorption and desorption processes are thermal
activation; photon energy is supplied to help the gas target
molecules overcome the adsorption energy barrier, and the
adsorbed molecules overcome the desorption energy barrier.
The pristine ZnO maintains the most extended response and
recovery time, which was due to the small number of oxygen
vacancies (or favorable adsorption areas). At the same time, ZT1
secures enhanced response and recovery behaviors possibly
because of the higher number of available oxygen vacancies and
the catalytic effects of ZnTe.24 Meanwhile, the ZT5 structure
contains both ZnTe and Te, and Te covers a particular surface
area of the structure, and blocks or adsorbs the incoming gas
molecules to the surface material, resulting in a lower response
than the ZT1 hybrid nanostructure. Further response data are
illustrated in Fig. S2.†
3.3 Proposed sensing mechanisms

The proposed sensing mechanism is described based on the
theory of electron depletion layer, due to the n-type sensing
behavior of all the measured sensors. At room temperature, in
air, the following reactions can happen:40,41

O2 (g) / O2 (ads) (1)

O2 (ads) + e− / O2
− (ads) (with T < 100 ˚C) (2)

NO2 (g) + e− / NO2
− (ads) (3)

NO2 (ads) + O2
− (ads) + 2e− / NO2

− (ads) + 2O− (ads) (4)

NO2
− (ads) + 2O− (ads) + e− / NO2 (gas) + 2O2− (ads) (5)

The dominant oxygen species at RT is O2
−, and when NO2

gas with high electron affinity (∼2.28 eV) was introduced into
the chamber, the adsorbed NO2

− molecules could receive more
electrons. As a result of the electron deduction from the surface
of the materials, the electron depletion layer increases, which
leads to the resistance increase, thus the enhancement in
sensing behavior. As shown in Fig. 6a, the response behavior of
ZP is negligible and the recovery time is undenable. In
contrast, ZP under light effect shows enhanced response (with
UV claiming the highest value) and response time but the
recovery behavior still meets obstacles at room temperature.
Following by Fig. 6b, ZT1 under blue light irradiation claims the
optimum performance in most of the aspects: response,
response time, and recovery time, which affirm the opinion that
ZnTe addition provides good enhancement and bonus stack in
sensitivity ability. Finally, Fig. 6c provides ZT5 sensing behavior,
© 2024 The Author(s). Published by the Royal Society of Chemistry
the response time is acceptably accelerated, and the recovery
behavior is back to near the initial base, but the sensitivity is
reduced signicantly, which was due to the blocking barrier of
Te. Along with the modication of oxygen lattice − oxygen
vacancies we mentioned in Section 3.1, all the observations
above conrm the good catalytic effect of ZnTe (ZT1) in
comparison to pristine ZnO (ZP) or ZnO/ZnTe/Te (ZT5)
composition.

In addition, light irradiation generates structural defects on
the surface of the sensing materials, which leads to the facili-
tation of oxygen vacancy adsorption, and promotes the reaction
of adsorbed oxygen and electrons, affecting the charge carrier
transportation in materials. The shining effect of light on the
ZT1 structure reduces the resistance of ZT1 but is still higher
than the pristine ZnO (ZP) in the dark. Thus, the depletion
depth of ZT1 blue and UV is higher than ZP dark and smaller
than ZT1 dark, which was illustrated in Fig. 7a. The light effect
narrows the depletion region with the addition of electron
carriers while increasing the electron supply rate to the surface
which leads to the NO2 adsorption's enhancement. Therefore,
the charge difference between dark and light cases is huge, and
the enhanced sensitivity of ZT1 under blue and UV can be
explained by the conduction model for nanostructured sensors.

ZT1 in the dark exhibits a greatly expanded depletion layer
region due to the p–n junction formation but negligibly
expanded under NO2 exposure. ZT1 under light irradiation with
narrowed depletion depth region due to photo-carriers exis-
tence, but the NO2 adsorption rate increases, leading to a higher
depletion depth region modulation. ZT1 under blue irradiation
and UV irradiation differed from each other since ZnTe and Te
have mostly adsorbed UV, the depletion layer region narrowed
not as high as in blue's case, and the NO2 adsorption rate is not
as strong as blue irradiation conditions. The band diagram of
the ZT1 samples was illustrated in Fig. 7b, in which, under the
appropriate provided energy of light effect (the energy of blue is
2.7 eV, and UV is 3.4 eV, respectively), the electron in the valence
band of ZnTe get exited and move to the conduction band,
which lately has higher mobility and freedom to join the ion-
osorption and other reaction occurred at the surface of the
hybrid structure. In addition, the electron move to the ZnO area
and contribute huge effort as the transducer role in the hybrid
receptor/transducer strategy, which was mentioned before in
our previous research.36,37,42 In our work, blue light with
a photon energy of 2.7 eV has better sensing improvement
toward nanohybrid structure than UV light with a photon
energy of 3.4 eV. To explain that blue light rarely stimulates the
status change of electrons between the valence and conduction
bands in ZP (as shown in Fig. 6d with the negligible shi of base
resistance of ZP under blue light in comparison to the base
resistance of ZP under dark). In contrast, UV light provides
signicant change which is relatively sensible due to the
appropriate wavelength of UV. With the appearance of the
nanohybrids ZT1 and ZT5, the change was signicantly
enhanced, as described in Fig. 6. Due to the modication of the
narrow bandgap ZnTe, the formation of p–n junction nano-
hybrid exceptionally exhibits greater enhanced light absorption,
which created widely a good chance for blue irradiation to
RSC Adv., 2024, 14, 39418–39428 | 39425
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Table 1 Comparison between this work and others. The terms NRs, NPs, and NSs refer to Nanorods, nanoparticles, and nanosheets, respectively

Material Response Concentration (ppm) l (nm) Temperature (°C) Ref.

ZnO–rGO (NRs) 2.83 10 365 175 15
ZnO–SnO2 (NRs–NPs) 2.5 0.2 380 RT 44
ZnO–Au (NSs) 0.623 1–5 365 RT 45
ZnO–Zn2SnO4 (NRs) 0.807 1–5 365 RT 46
ZnO–Ag (NPs) 1.545 0.5 470 RT 47
ZnO–In2O3 (microtube) 18 5 460 RT 48
ZnO–ZnTe (NRs) 15 0.5 460 RT This work
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stimulate the degree of freedom of electron, leading to an
enhancement in electron carrier charge rate and results in the
sensitivity improvement. With the same intensity as light
sources, UV has higher energy but provides fewer photons than
blue light, which is benecial for blue light to create more exited
electrons for enlisted in the gas sensing process. Lately, in the
case of ZT5, the blocking barrier surrounding Te limits the
incoming light irradiation source to signicantly affect sensing
materials such as ZT1.

Considering another aspect of the available proposed
explanation, the absorption coefficient of a material can be
calculated as below:

aðlÞ ¼ 4pk

l
(6)

where k is the imaginary part of the complex refractive index or
so-called extinction coefficient, and l is the wavelength of the
Fig. 8 (a) The repeatability of ZT1 upon exposure to 500 ppb NO2 unde
upon exposure to different NO2 exposure concentrations under blue lig
tance behaviors). (c) The response curves of ZT1measured at RT toward 5
values. (d) Selectivity of our NO2 gas sensors compared to other gases.

39426 | RSC Adv., 2024, 14, 39418–39428
incident light. The refractive index data of ZnTe, Te, and ZnO
are taken from the reference. As illustrated in Fig. S3,† ZnO has
average small absorption coefficients at different wavelengths
of light sources, while ZnTe showed the highest energy
absorption efficiency at shorter wavelengths and gradually
decreased as wavelengths increased. In addition, Te always
maintained good energy absorption efficiency at various types
of light incoming sources. Therefore, this result signicantly
explained the phenomenon of ZnTe/ZnO at blue light has
a smaller absorption ability than ZnO/ZnTe/Te, which led to
more space of p–n heterojunction to modify the depletion layer
and the charge carrier incomes, which resulted in an enhanced
response characteristic. It also pulled out another explanation
of why the ZnO/ZnTe nanohybrid structure secured better
sensing performance at blue light than UV light since UV has
been absorbed at the nest and le small space to interfere with
enhancing the gas detection.
r blue light irradiation at RT. (b) The sensitivity linearity behavior of ZT1
ht irradiation at RT (with the inset illustrating the corresponding resis-
00 ppb NO2 at dark/under blue irradiation effect with different humidity

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Another proposal is based on the ndings illustrated in Fig. 2
of the ref. 43, the attraction force between two objects will be
enhanced if the material is altered from dielectric metallic.
Notice that ZnO has a bandgap of ∼3.37 eV while ZnTe secures
a 2.26 eV bandgap, which means ZnTe has better “metallic”
properties. This suggests that ZnTe layer addition can increase
the attractiveness of force with NO2 gas and enhance the
interaction between NO2 and electrons.

The sensing performance of our hybrid structures shows
signicant improvements when compared with other works, as
shown in Table 1.
3.4 Humidity effect and repeatability properties

Fig. 8a conrms the good repeatability behavior of ZT1 during
the sensing process and the potential for a further stable
manufacturing process. ZT1, under blue light irradiation at RT,
claims the linear dependence on the NO2 concentration as
shown in Fig. 8b with the raw resistance data attached in the
inset. Thus, the lowest NO2 gas concentration ZT1 can reach is
100 ppb, which further claims the advantage of this hybrid
structure in the development era of small-scale gas detectors.
ZT1 also shows excellent selectivity among different gases of H2,
CO, CH4, and SO2 as shown in Fig. 8c. The selectivity is signif-
icantly high with respect to the examined gases by showing
a relatively small response to 0.5–500 ppm concentrations.
Fig. 8d summarizes the effect of humidity on the gas-sensing
behavior of ZT1 under the blue light impact at RT toward
500 ppb NO2. The observation shows that the response
decreases with increasing the relative humidity in the ambient
environment. This phenomenon is due to the reduction of
adsorption sites, occupied by the abundant water molecules.
Therefore, fewer approaching NO2 molecules are adsorbed on
the surface of the sensing material, leading to a smaller
response. The irradiated gas sensors show a slower reduced
response speed than the pristine ZnO, which could be because
NO2molecules prefer to be chemisorbed on the defective hybrid
surface, compared with H2O molecules. However, the observa-
tion is not well-obtained and the sensing behavior of our hybrid
structure under humidity and light effect requires further study.
The ZT1 sensor secures good reproducibility through ten
consecutive days of repeating the same sensing measurements
as shown in Fig. S4.†
4. Conclusions and future
perspectives

ZnO/ZnTe nanohybrid structures were successfully synthesized
by the facile double hydrothermal method and revealed line-
arity enhancement of NO2 sensing properties under light irra-
diation effect at RT. The greater sensing performance amongst
the hybrids is the ZT1 sensor under blue light irradiation,
including its good selectivity and well-repeated sensing
behavior. A systematic exploration of the linearity sensing
enhancement mechanism and sensing phenomena within the
nanohybrid structures was conducted to understand this study
comprehensively. The ZnTe addition increases the available
© 2024 The Author(s). Published by the Royal Society of Chemistry
adsorption sites for the gasmolecules with the increased oxygen
vacancies while creating the p–n junction's formation, the
modied depletion layers, associating with the photo carrier
effect, which signicantly enhances nanohybrid adsorption site
density and good sensing. The nanohybrid between metal oxide
semiconductors and ZnTe can be a good candidate for devel-
oping oxidizing gas sensors at RT under light effect. Further
additional studies on diversied semiconductor sources should
be conducted in further research.
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